The sequence requirements for transcriptional stimulation of the adenovirus major late promoter (MLP) by the products of the early transcription unit Ela and by the replication of viral DNA were analyzed by in vitro transcription. Sequences upstream of +33 are involved in the moderate Elaresponsiveness of the MLP, while sequences between +33 and +131 are required for its major replication-induced transcriptional activation. Onase I footprinting experiments delineate a sequence component, extending from +76 to +120, which binds protein(s) only in extracts of cells where viral DNA replication occurred. Taken together, these results suggest that the replicationdependent stimulation of the MLP is mediated by the increased binding of this protein(s).
INTRODUCTION
Gene expression is controlled at the level of transcription initiation by a number of mechanisms, all of which require appropriate interactions between specific protein factors and corresponding sequence elements (1-3, and references therein). The regulation of viral genes during lytic infection of animal cells constitutes an attractive model-system for the study of the mechanisms involved in eukaryotic gene control (4) .
During lytic infection, adenovirus early genes are first activated by the products of the immediate early gene Ela (5, 6), while other viral genes, such as the protein IX and IVa2 genes and the major late transcription unit, are activated essentially during the late phase of infection, after viral DNA replication has started (7, 8) . The molecular process underlying the induction of these intermediate and late genes is still unclear, although the promotor elements required for their transcription have been extensively studied.
Two sequence elements essential for the activity of the major late promotor (MLP) have been identified by site-directed mutagenesis followed by infection (9-11) or transfection (12, 13) analyses and in vitro transcription experiments (12, 14-17). These elements correspond to the MLP upstream element positioned between -66 and -55, and to the TATA box region, between -31 and -25, relative to the MLP cap site. Distinct protein factors binding to these elements have been identified and extensively purified. These factors correspond to USF (18), MLTF (17) or UEF (19) for the upstream element and to TFIID (20) or BTF 1 (19) for the TATA box region.
Transient expression studies have suggested that MLP activity is stimulated by the products of the viral Ela gene and that the MLP sequences implicated are located between -66 and +33 relative to the MLP cap site (13) . In addition, it has been shown that transcription from the MLP is greatly activated by the replication of the viral DNA in infected cells (7) . The molecular basis for this replication dependent transcriptional activation is presently unknown. The infection and transfection experiments of Mansour et al. (10) , using replicating adenovirus-SV40 hybrid viruses or plasmids, suggested however that a control element, as yet unidentified but located downstream of the MLP cap site, could be implicated in this mechanism.
To get further insight into the mechanism of the transcriptional stimulation of the MLP, we have adapted an in vitro transcription system (21) based on extracts from cells which had been infected with wild type Ad 5 or its Ela-deficient dl 312 derivative (6). Comparative transcription analysis of a series of MLP deletion mutants in these extracts indicate that sequences upstream of +33 are required in vitro for the transactivation by the Ela proteins, in agreement with the reported in vivo sequence dependence (13) . Using the DNA replication inhibitor cytosine arabinoside, we also show that most of the in vitro transcriptional stimulation of the MLP is replication-dependent, and that the sequences involved are located between +33 and +131. Dnase I footprinting experiments delineate a sequence component, extending from +76 to +120, i.e. within the first intron of the major late transcription unit (22), which binds a protein exclusively active in extracts from cells where viral DNA replication occurred.
MATERIALS AND METHODS Preparation of whole cell extracts
HeLa cells were infected with wt Ad5 or dl 312 at 10 pfu/cell. Cells were grown in Eagle's medium supplemented with 5% calf serum. For replication-blocked extracts infected cells were grown in the presence of cytosine arabinoside (AraC) at a final concentration of 20 ug/ml, which was maintained by adding fresh AraC after 12 hours (21). Extracts were prepared from these cells according to Manley Footprinting reactions were done essentially as described (25) : 0.5-1 ng the labelled fragment in the presence of 100 ng of poly(dl-dC) was incubated with different amounts of extract protein for 10 min at 30°C. Incubation was in the same buffer as in vitro transcription, i.e. buffer A, diluted 1:1. DNAse I (Sigma, 1550 Kunitz units/mg protein) was added, the incubation continued for 5 min at 30°C. The ONA was purified, heat-denatured and loaded on a 8% polyacrylamide gel containing 50% urea. Gels were dried and exposed to Kodak XR film for autoradiography. Fig. 1A) . By analyzing these templates in transcription assays we found that the stimulation of MLP-specific transcription from templates cut with Avail and with HgiAI (+373), Pvul (+273) or Hindlll (+195), respectively, was indistinguishable from that observed with the template cut with Avail alone (data not shown but summarized in Fig. 4) . To avoid the difficulty of detecting short run-off transcripts, for further deletion analysis we subcloned fragments of the promotor. First we cloned the Hindlll fragment of pML553 (extending To distinguish between these alternatives we first prepared extracts from dl and wt-infected cells, harvested at 6 hpi, a time at which neither the dl nor the majority of the wt viral DNA molecules have undergone replication. When these extracts were tested for their transcriptional activity (Fig. 3A, lanes 1-4) , the difference between dl and wt 6 hpi extracts never exceeded 3-fold, regardless of the template (MLP or globin) used.
RESULTS

Sequences
To further examine the effect of viral DNA replication prior to extract preparation, we grew wt-infected or dl-infected cells in the presence of cytosine arabinoside (AraC) to prevent DNA replication (21). When we probed for MLP expression in these cells we found a dramatic decrease of detectable MLP transcripts in the cytoplasmic RNA of these cells, as compared to wt-infected cells grown in the absence of AraC (data not shown). This indicates that viral DNA replication has been blocked efficiently. Extracts were prepared from these cells at 20 hpi (called hereafter replicationblocked wt or dl extracts) and assayed for transcription. Transcription from the complete MLP, I.e. pML553 cut by Avail, was stimulated about 3-fold in replication-blocked wt extracts compared to replication-blocked dl extracts (Fig. 3B, lanes 3-6) . About the same degree of stimulation 1s observed for the template pSVA677, cut by Ddel (lanes 1 and 2) , while transcription from the rabbit beta-globin promotor is about equally efficient in both extracts (lanes 7 and 8).
From these findings we conclude that there is about a 3-fold stimulation conferred to the MLP by sequences upstream of +33 which is independent of viral DNA replication. On the other hand, there is a much more pronounced stimulatory effect mediated by downstream sequences, which is only seen in 20 hpi wt extracts where there was no block in ONA replication (Fig. 4) better visualize the differential protection, we performed footprinting reactions at a higher protein/DNA ratio. Under these conditions (Fig. 6) protections of both regions +86/+92 and +113/+120 are clearly visible reflecting the excess of binding protein used 1n this experiment.
To elucidate the effect of DNA replication on the DNA-protein Interactions we analyzed the footprints obtained with replication blocked dl extracts and replication-blocked wt extracts. Clearly the protection of region +86/+92 on the non-coding strand, as seen 1n 20 hpi wt extracts, 1s not detectable in replication-blocked di or wt extracts (Fig. 5B) . In fact the Dnase I protection pattern obtained on either strand with these extracts perfectly agrees with the footprinting obtained with 20 hpi dl extracts prepared from cells grown in the absence of AraC (Fig. 5A and data not  shown) . Essentially the same footprinting pattern was also obtained with 6 hpi wt extracts, 6 hpi dl extracts and extracts prepared from uninfected cells (data not shown).
Taken together these data show that a protein, which interacts with sequences implicated in replication-dependent stimulation of transcription (i.e. between +33 and +131, cf. Fig. 4) , is present only in cells where the viral DNA has replicated. Specifically, there is a strict correlation between differential footprinting in the region between +76 and +120 and the MLP-specific transcriptional activity.
DISCUSSION
Expression of several adenoviral genes is stimulated by replication, as demonstrated for e.g. the MLP, the IVa2 gene (8) and the gene for viral protein IX (28) . Although the increase in copy number may account in part for the increase in detectable transcripts, the promoter efficiency increases also (reviewed in 4), but the mechanism for that activation is not known.
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